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Abstract
This study aims to investigate the effect of sieving on ex situ soil respiration (CO2 flux) measurements from different land use
types. We collected soils (0–10 cm) from arable, grassland and woodland sites, allocated them to either sieved (4-mm mesh,
freshly sieved) or intact core treatments and incubated them in gas-tight jars for 40 days at 10 °C. Headspace gas was collected on
days 1, 3, 17, 24, 31 and 38 and CO2 analysed. Our results showed that sieving (4 mm) did not significantly influence soil
respiration measurements, probably because micro aggregates (< 0.25 mm) remain intact after sieving. However, soils collected
from grassland soil released more CO2 compared with those collected from woodland and arable soils, irrespective of sieving
treatments. The higher CO2 from grassland soil compared with woodland and arable soils was attributed to the differences in the
water holding capacity and the quantity and stoichiometry of the organic matter between the three soils. We conclude that soils
sieved prior to ex situ respiration experiments provide realistic respiration measurements. This finding lends support to soil
scientists planning a sampling strategy that better represents the inhomogeneity of field conditions by pooling, homogenising and
sieving samples, without fear of obtaining unrepresentative CO2 flux measurements caused by the disruption of soil architecture.
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1 Introduction
CO2 flux from soil not containing plant roots represents the
heterotrophic respiration of soil organisms (Gabriel and
Kellman 2011). Soil respiration releases more CO2 into the
atmosphere annually than all anthropogenic sources combined
(Marland 2008) and a small change in CO2 flux from soils,
globally, can greatly alter the concentration of atmospheric
CO2 and influence our climate (Schurgers et al. 2018).
Measurement of soil respiration is therefore important for
quantifying the flux of CO2 to the atmosphere from soils.
Soil CO2 flux also represents the activity of soil biological
communities, thereby serving as a valuable indicator of soil
health (McGowen et al. 2018).
Soil respiration measurements undertaken in the field and
laboratory often yield contrasting results (Davidson et al.
1998). CO2 flux measured at a single location in situ may
not be representative due to soil heterogeneity at the field
scale. Excavation of soil, followed by ex situ measurement
of soil respiration under controlled conditions, is often per-
formed to compare soils or test specific hypotheses (Gutinas
et al. 2013; Zhou et al. 2014; Bao et al. 2016; Yan et al. 2017),
while minimizing confounding factors. Whereas in situ mea-
surements are more representative of the actual field condi-
tions (Gabriel and Kellman 2011), ex situ measurements can
be used to apply treatments in a systematic manner and are
thus very useful. Soil respiration can be measured ex situ on
intact cores (Hangs et al. 2016; Meyer et al. 2019), fresh soil
sieved with mesh sizes ranging 2 mm to 5mm (Thomson et al.
2010; Datta et al. 2014), or (most frequently) air-dried soil
sieved to 2 mm (Mathur and Sanderson 1978; Valerie and
Cook 1983; Thuries et al. 2000; Thomson et al. 2010;
McGowen et al. 2018). Sieving and homogenisation prior to
incubation (often favoured by researchers to create replicates
appropriate for statistical analysis) disrupt the original archi-
tecture of the soil experienced by decomposer organisms
(Baveye et al. 2018) and may influence the soil respiration
measurement. Few studies have previously examined the ef-
fects of sieving on soil respiration.While one of them (Stenger
et al. 2002) revealed no significant differences in glucose-C
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mineralisation between intact and sieved soil, another (Herbst
et al. 2016) observed that air-drying and sieving influenced the
nature of the relationship between soil moisture and soil
respiration.
It is often believed that disturbing soil by sieving will ex-
pose occluded organic matter to microbial degradation and
break fungal hyphae, thereby generating a flush of CO2
(Datta et al. 2014). We aimed to assess the effect on soil
respiration of sieving soils collected from a woodland, a grass-
land, and an arable field representing the major land uses in
the UK (Table 1). We hypothesised that sieving would in-
crease short-term soil respiration and that this difference
would be greater for soils less affected by previous physical
disturbance (i.e. woodland soils).
2 Materials and Methods
Twelve soil cores were collected using 98 cm3 bulk density rings
(inner diameter 5 cm, height 5 cm), similar to that used by
Comeau et al. (2018), from woodland (latitude 51° 28.678′, lon-
gitude 000° 53.739′), grassland (latitude 51° 28.564′, longitude
000° 54.198′) and arable (latitude 51° 28.577′, longitude 000°
53.970′) soils on the University of Reading research farm at
Sonning, Berkshire, UK. Sonning soils are classified as
Chromic Endoskeletic Luvisols, containing freely draining
slightly acidic loamy soils predominantly and the site location
matches Sonning 2 soils’ description (Cranfield University,
2019) which is flinty coarse loamy soil over a gravelly typical
paleo-argillic brown earth. The three land uses represent themost
common land use types in the UK and around the world. While
the grassland is mainly used for grazing by dairy cattle, the arable
landwas planted to wheat whichwas at seedling stage at the time
of sampling. The woodland (comprising mixed deciduous spe-
cies) has been established for over 80 years.
Soil samples were stored immediately at 4 °C for 3 days
before the start of the experiment. Six cores per land use were
left intact within the rings used to collect them (intact core
treatment) and the remaining six were sieved, moist, to
4 mm, re-packed back into bulk density rings, and the residue
on the sieve discarded. Each ring was placed in a 320-ml gas-
tight jar customised to include a gas sampling port, and cov-
ered with Parafilm® to reduce moisture loss (but allow gas
exchange) when not in use (Fig. 1). Six empty rings (without
soil) were incubated in jars served as blanks similar to the
method in Winkler et al. (1996) instead of a time zero mea-
surement to correct for the initial flux. Samples were incubat-
ed at 10 °C for 45 days. The temperature was chosen to reflect
the average temperature of topsoil (at 10 cm depth) in
Reading, UK, between 1990 and 2017, which was 10.48 °C
(University of Reading, Meteorology Department Weather
Station). The moisture contents in the soils were 21.6, 13.4
and 22.8% (w/w) in arable, woodland and grassland, respec-
tively. Themoisture content of the soil in each jar was adjusted
to 23% (w/w) to maintain the set up at constant temperature
and moisture. On days 1, 3, 17, 24, 31 and 38 after the start of
the incubation, jars were sealed with a Suba-Seal® Septa for
1 h and a 10 ml headspace gas sample was taken from each jar
using a syringe and hypodermic needle, transferred into pre-
evacuated Labco exetainers® vials and analysed with gas
chromatography (Agilent 7890B). A 24-h pre-incubation
was adopted, following the method in Meyer et al. (2019),
but unlike the 14-day pre-incubation used in Comeau et al.
(2018). A short pre-incubation prevents fast depletion of or-
ganic carbon, thereby preserving the carbon in near-field con-
ditions. Moisture loss was corrected by gravimetric addition
of deionised water after each gas sampling. The universal gas
law was used to determine the amount of CO2 (μmol CO2/mol
air) in our incubation jar; μg C-CO2 was calculated as μg C-
CO2 g
−1 soil = mmol air × ppm CO2 (μmol C/mol air) × (10–
3 mol/mmol) × (12 μg C/μmol C) / weight of oven-dried soil
(g). Cumulative CO2 (μg C-CO2 g
−1 soil) was calculated from
the flux rate, as reported elsewhere (Lang et al. 2011), after
deducting the blank CO2 concentration from each treatment.
Prior to undertaking the experiment described above, we col-
lected CO2 headspace gas from both the sieved and intact
cores from each of arable, grassland and the woodland soils
after incubation for 30, 60, 90 and 120 min to confirm a linear
relationship between CO2 concentration and incubation time.
Soil particle size distribution was measured using laser
granulometry and converted from % volume to % mass, as
described elsewhere (Yang et al. 2015).
Soil characteristics, measured using standard laboratory
methods, are presented in Table 1. The particle size distribu-
tion of soils was determined using a Malvern Mastersizer
Table 1 Location and physical and chemical properties of the three
different soils from different land uses
Land use
Arable Grassland Woodland
Easting 476,503 476,187 476,710
Northing 175,919 175,861 176,060
% sand (50–2000 μm) 41.46 43.01 51.11
% silt (2–50 μm) 50.46 48.86 40.76
% clay (< 2 μm) 8.08 8.14 8.13
Texture Silt loam Loam Loam
% water holding capacity 48.88 (1.11) 55.00 (1.05) 40.54 (0.87)
pH in water 6.30 (0.02) 6.23 (0.37) 3.86 (0.03)
NO3-N (mg g
−1) 13.48 (1.56) 6.32 (0.73) 12.52 (1.40)
NH3_N (mg g
−1) 0.53 (0.21) 0.58 (0.25) 1.87 (0.07)
Total N (g kg−1) 1.88 (0.08) 2.59 (0.06) 2.07 (0.04)
Total C (g kg−1) 19.05 (0.26) 26.31 (0.54) 28.16 (0.63)
C/N ratio 10.12 (0.29) 10.17 (0.06) 13.62 (0.05)
Values in parenthesis are standard deviations, n = 3
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3000 Laser Granulometer after dispersing the soil in a solution
containing 3.3% sodium hexametaphosphate + 0.7% sodium
carbonate. Soil pH was determined by shaking soil samples
with deionised water (1:2.5mass/volume ratio) for 10min and
leaving the mixture to stand for 2 min before pH was mea-
sured using a digital type DMP-2 mV/pH meter (Thermo
Orion). Total N and C concentrations were determined using
C/N Elemental Analyser (Thermo Flash 2000 EA). The C/N
ratio was then calculated from total C and N. Nitrate and
ammonia were extracted in 1 M KCl and then analysed using
Continuous Flow Analyzer (San++ AutomatedWet Chemistry
Analyzer - SKALAR). Moisture content and loss on ignition
were determined by weight loss at 105 °C and 500 °C, respec-
tively. Soil water holding capacity was determined using sat-
uration and drain method by submerging a 30-g air-dried sam-
ple in a plastic cylinder with a mesh bottom in water for 12 h
to ensure complete saturation and then allowing the water to
drain for another 12 h. The drained soil was then oven-dried at
105 °C for 24 h and the dried weight recorded.
Repeated measures analysis of variance (ANOVA) was
performed in Genstat (10th edition) to assess the variation in
cumulative soil CO2 due to sieving and land use changes on
different sampling days. Data showing negative fluxes were
observed in one out of six replicates under disturbed grassland
and were removed before the analysis. Correlations between
the cumulative C-CO2 flux and soil properties were explored.
3 Results and Discussion
The effect of soil sieving on cumulative CO2 flux is presented
in Fig. 2. Repeated measures ANOVA revealed no significant
effect of sieving on cumulative C-CO2 (p > 0.05), even though
intact cores emitted more CO2 than sieved arable and grass-
land (but not woodland) soil. These observations challenge
the assertion (Datta et al. 2014) that sieving soils stimulates
a short-termCO2 flux, and our hypothesis that the decomposer
soil microbial community under physically disturbed systems
(e.g. arable soil) is more resistant to soil sieving compared
with those of previously undisturbed systems (e.g. woodland
soils). Performing our laboratory incubation study between 20
and 25 °C (which is often used in lab incubations) may result
in different concentrations of CO2 reported, but we believe
that the temperatures selected here best represent the
Fig. 2 Cumulative CO2 emissions of sieved soils and intact cores from
arable, grassland and woodland soils. Error bars represent standard errors
of mean, n = 6. 95%. LSD, least significant difference at the 95% level
Fig. 1 Diagram depicting
experimental methodology
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respiration of the soils in the field since we adopted the aver-
age daily mean soil temperature of the area from which the
soils were collected. Our observations support the findings of
others who also observe no significant difference in soil res-
piration between intact and sieved soils (Stenger et al. 2002;
Thomson et al. 2010). However, the abovementioned studies
analysed the effect of sieving on only pasture soils whereas
soils from three different land use types are compared here in
our experiment. Furthermore, the former (Stenger et al. 2002)
reported only on the long-term (6 months) effect of sieving on
soil respiration, while we report short-term effects in this
study.
Although previous studies have shown that macroaggre-
gates (> 0.25 mm) can protect a small fraction of soil organic
C from mineralisation, occlusion of C is likely to be more
significant within microaggregates (< 0.25 mm) that are pres-
ent within the macroaggregates (Pulleman and Marinissen
2004). Our sieving treatment using a 4-mm mesh would only
have disrupted the largest macroaggregates, leaving
microaggregates intact. This phenomenon might explain
why we obtained no significant effect of sieving on CO2-C
flux. The use of a large (4 mm) mesh size for sieving also
minimised the residue to be discarded to only an insignificant
amount of small stones or woody material making the con-
tents of the intact and sieved cores to be similar.
Clear differences were observed between soils from differ-
ent land uses, irrespective of the sieving treatments.
Cumulative C-CO2 from grassland soil was 59.4% higher than
woodland and 42.1% higher than arable soils, respectively.
Similar results have been reported (Gutinas et al. 2013) where
grassland soils emitted higher CO2 compared with arable and
woodland after 42 days of incubation. However, our results
contrast with an earlier study (Lang et al. 2011) which exam-
ined greenhouse gas emissions from forest and grassland soils
and revealed that woodland soils emitted more CO2 than
grassland soils, concluding that the global warming potentials
of woodland soils are greater than those of grasslands.
The grassland soil had a higher water holding capacity,
higher organic matter content, and lower C/N ratio (Table 1),
whereas the woodland soil had a higher total carbon content,
but lower total nitrogen than the grassland and arable soil
(resulting in a higher C/N ratio). Thus, the differences in res-
piration between the three soil types could be explained by
both the quantity and the stoichiometry of the organic matter.
These differences can be further explained by considering the
different water holding capacities of the three soils. All the
soils were incubated at the same moisture content (23%), but
the woodland soil had a lower water holding capacity, com-
pared with grassland and arable soils (Table 1). As a result, the
grassland, arable and woodland soils were incubated at
41.4%, 46.6%, and 56.2% of their respective water holding
capacities, perhaps resulting in proportionally more water-
filled pores in the woodland soil. However, we found no
significant correlation between the cumulative C-CO2 flux
and any soil properties, including water-filled pore space
(R2 = 0.116; p = 0.501).
4 Conclusions
Our experiment reveals that, although soil respiration varies
with land use type, soil sieving has no significant impact on ex
situ CO2 flux measurements. Thus, we conclude that soils
sieved (4 mm) prior to ex situ respiration experiments provide
realistic respiration measurements. However, we urge careful
consideration when choosing a method of soil sampling and
preparation prior to incubation for measuring soil respiration
since both soil sieving and the use of intact cores have advan-
tages and disadvantages. If soils are sieved prior to ex situ soil
respiration measurements, then a soil sampling strategy that
better accounts for the overall inhomogeneity of field condi-
tions can more easily be adopted (since samples frommultiple
locations can be pooled, homogenised and assigned to treat-
ments). While sieving may help in achieving multiple similar
homogenous replicates, leading to increased reproducibility,
incubation of soils in intact undisturbed cores better represents
the soil architecture under field conditions. As a result of this
understanding, and considering that the data shown were ob-
tained for only three soils (arable, grassland and woodland
from Sonning, England), our results provide evidence to help
resolve an important dilemma for soil ecologists planning ex
situ CO2 flux measurements to determine the influence of
imposed treatments on soil respiration. However, we ac-
knowledge that there could be different results obtained when
using soils from geographical regions, land use types or soil
management systems outside of those investigated in this
study.
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